Background: Preprocedural clinical predictors of the successful maintenance of sinus rhythm may contribute to optimal treatment strategies for atrial fibrillation (AF). The CAAP-AF score, a novel simple tool scored as 0-13 points (including six independent variables) has been proposed to predict long-term freedom from AF after catheter ablation. To clarify its reproducibility, we examined the CAAP-AF score's predictive performance and then created subgroups to best predict AF recurrence by using a machine learning algorithm.
| INTRODUC TI ON
Catheter ablation of atrial fibrillation (AF) is effective for restoring and maintaining sinus rhythm in patients with paroxysmal AF (PAF) or persistent AF (PEF), and probably in patients with long-standing persistent AF (LSPEF). 1 However, sinus rhythm without severely symptomatic recurrences of AF occurs in up to 70% of patients with PAF, and in approx. 50% of patients with PEF. [2] [3] [4] The identification of preprocedural clinical predictors of success in maintaining sinus rhythm could thus help to select the optimal treatment strategy for patients with AF.
Various independent clinical predictors related to AF recurrence after catheter ablation have been demonstrated. For example, the size of the left atrium (LA), [5] [6] [7] the type of AF, 5, 6, 8 gender, 9 and patient age at the timing of catheter ablation 8, 10 are related to the recurrence of AF after catheter ablation. The CAAP-AF score, a novel simple score consisting of six independent variables, has been proposed to predict long-term freedom from AF after ablation, based on data obtained at a single center. 11 "CAAP-AF" stands for the presence/absence of Coronary artery disease, the left Atrial diameter, Age, the presence of Persistent or long-standing AF, the number of Antiarrhythmic drugs failed, and Female gender. In the Kaplan-Meier curves of freedom from AF after final ablation classified by the CAAP-AF score, the AF recurrence rate tended to rise as the score increased. 11 The CAAP-AF score may provide a realistic expectation of freedom from AF following ablation for individual patients, but the performance of the score has not been well validated. In addition, since the CAAP-AF score ranges from 0 to 13, it seems complicated to directly apply the score to the risk stratification of patients. We hypothesized that a classification of patients into several subgroups at similar risk could better apply the CAAP-AF score in clinical practice.
The present study had two aims. We first examined the predictive performance of the CAAP-AF score in order to clarify its reproducibility. We then created subgroups to best predict AF recurrence, by using a machine learning algorithm.
| PATIENTS AND ME THODS
This study was conducted at Ogaki Municipal Hospital, Department of Cardiology, Ogaki, Japan. The study complied with the Declaration of Helsinki. The database was built prospectively, and the patients' records were reviewed with the approval of the institutional review board at Ogaki Municipal Hospital.
| Patient population
A total of 583 consecutive patients who underwent initial AF ablation at our institute were registered from March 2012 to August 2016. Each patient's type of AF was determined based on the 2017 HRS/EHRA/ECAS/APHRS/SOLAECE expert consensus statement on catheter and surgical ablation of atrial fibrillation. 1 In the present study, PAF was defined as episodes of AF lasting for <7 days that subsequently reverted to sinus rhythm. PEF was defined as AF episodes lasting ≥7 days, including episodes that are terminated by cardioversion, either with drugs or by direct current cardioversion, after ≥7 days. LSPEF was defined as AF episodes lasting ≥1 year.
| Ablation protocol
Patients were effectively anticoagulated for >3 weeks, and a transesophagus echocardiography was performed to exclude any LA thrombi prior to the catheter ablation. Before the procedure, all antiarrhythmic drugs were discontinued for ≥5 half-lives (except for amiodarone). The ablation procedure was performed under local anesthesia with mild conscious sedation. Radiofrequency (RF) or cryoballoon (CB) ablation was performed in all patients under the guidance of a three-dimensional mapping system (a NavX system, St. 
| Follow-up
Patients underwent a regular follow-up at our outpatient clinic after the ablation procedures at 1, 3, 6, and 12 months, and then annually.
At each visit, a medical history was obtained, a physical examination was performed, and 12-lead electrocardiography (ECG) and 24-hour Holter monitor recording were obtained. If patients had symptoms, ambulatory electrocardiographic monitoring using a portable electrocardiograph (HCG-801; Omron Healthcare) was performed on the patients to correlate the findings with the symptoms. Three months after the procedure, discontinuation of antiarrhythmic drugs was encouraged. Patients with initial failures were encouraged to undergo repeat ablation after the 3-month blanking period. The missing follow-up data were obtained by contacting the patient or the patient's attending physician.
| Study endpoint
The study endpoint was the recurrence of any documented episode of atrial tachyarrhythmia lasting >30 s with or without the use of antiarrhythmic drugs. We defined 90 days after the patient's last AF ablation procedure as the blanking period. However, if repeated ablation was performed within 90 days after the last session, the patient was considered to have recurrent arrhythmia at day 91.
| Statistical analysis
Continuous variables are presented as means with standard deviations for normally distributed data. In non-normally distributed data, they are expressed as medians and interquartile ranges. Discrete variables are given as absolute values or percentages. For the CAAP-AF scoring, we compared AF-free survival after final ablation (Kaplan-Meier curves) with the log-rank test. We performed a Cox regression analysis to assess the risk of incidence of AF recurrence. The regression analysis results are presented as hazard ratios (HRs) and 95% confidence intervals (95% CIs).
In order to create subgroups to best risk stratify the patients, we divided the patients by using a survival classification and regression tree (CART) model. 12 CART is a useful method for estimating suitable cutoff values when predicting the event rate of time-to-event data with a continuous variable. We calculated the most significant classification by the machine learning method, and the results are expressed as the regression tree model. In all tests, P < .05 were accepted as significant. Statistical analyses were performed with SPSS software ver. 23 (SPSS) and R ver. mean age was 66 ± 10 years old; hypertension was present in 58.8% of the patients, and the mean CHADS2 score was 1.4 ± 1.1.
| RE SULTS

| Patients
Approximately half of the patients had PAF (54.7%). Table 2 shows the initial ablation procedural characteristics of the patients. An RF ablation was performed in 89.7% of the patients. PV isolation was done in all of the patients, followed by cavotricuspid isthmus ablation (n = 560, 96%) and LA posterior wall isolation (n = 70, 12%). Figure 1 demonstrates the distribution of the patients' CAAP-AF scores, with the median score of 5.
| Ablation outcomes
During the follow-up period of 1.8 ± 1.2 years, 157 patients had atrial tachyarrhythmia recurrence. Repeated procedures were performed in 115 patients. Arrhythmia recurrence after the last session occurred in 69 patients. In accord with the original paper 11 , we created Kaplan-Meier curves for freedom from AF after final AF ablation for the ranges of CAAP-AF scores, as illustrated in Figure 2A . The patients with higher CAAP-AF scores were significantly associated with a higher rate of AF recurrence during the follow-up period (P < .01). In addition, we created a modified version of the Kaplan-Meier curves by separating a CAAP-AF score of 8 from a score of 9-13. The arrhythmia-free survival curve of the patients with a score of 8 was close to those of the patients with scores of 6 and 7 ( Figure 2B ). There was a positive correlation between a CAAP-AF score of 4-12 and the HR of recurrence with the score 0-3 as the reference (Table 3 ). However, the differences were not significant between the patients with the CAAP-AF scores of 0-3 and those with the score of 4, or between the patients with scores of 0-3, and those with the score of 5 (Table 3 ).
There were some cross-overs among the survival curves during the follow-up period (Figure 2 ).
| Machine learning using the CART model
The results of the risk stratification using the CART model are shown in Figure 3 . In terms of freedom from AF recurrence after the last ablation session, the difference was the most significant between the patients with a CAAP-AF score of ≤5 (the low-risk group, n = 373) and those with a score >5 (P < .001). We further divided the patients with a CAAP-AF score >5 into two groups, and we observed that the patients with a score >8 (the high-risk group, n = 14) showed significantly worse AF-free survival compared to the patients with a score of 6-8 (the intermediate-risk group, n = 160) (P = .023).
The baseline characteristics of the patients assigned by the risk of atrial tachyarrhythmia recurrence are shown in Table 1 . All six variables included to the CAAP-AF score differed significantly among the three groups. The mean number of ablation sessions was not significantly different among the three groups. Compared to the low-risk group, the intermediate-risk group was 2.5 times more likely to have AF recurrence (HR 2.456, 95% CI: 1.480-4.076, P = .0005) and the high-risk group was 5.6 times more likely to have AF recurrence (HR 5.598, 95% CI: 2.342-13.378, P = .0001) ( Table 4 ).
| D ISCUSS I ON
The main findings of this study were (a) the CAAP-AF score demonstrated acceptable performance to stratify the risk of AF recurrence in a cohort of all types of AF patients treated with different strategies including CB ablation, as shown in the original paper, 11
and (b) we propose subgroups which were created by the machine learning method to more clearly risk stratify the patients: low-risk In contrast, the CAAP-AF score was created from over 2000 patients with a median follow-up period of 1.8-2.5 years. In addition, the CAAP-AF score was derived from a retrospective analysis of the development cohort of 1125 patients, and the score was further validated prospectively in a test cohort including 937 patients. 11 The components of the CAAP-AF score are easy to define. Accordingly, we evaluated the CAAP-AF score as a reliable scoring system to predict long-term freedom from AF after catheter ablation.
However, there are several points that should be addressed when the CAAP-AF score is going to be used in clinical practice.
The score is based on data from a single center. Ablation strategies vary depending on the institute, although PV isolation should be the primary strategy everywhere. 1 The development cohort consisted of patients treated between 2003 and 2010, when CB ablation was unavailable. Thus, in our present study, we tried to validate the CAAP-AF score by using a cohort that included all eligible patients and both RF and CB ablations to determine whether the CAAP-AF score is universally effective. To the best of our knowledge, this is the first study to confirm the reproducibility of the CAAP-AF score.
There is at present only one study available to test the CAAP-AF score. 17 TA B L E 3 Risk of atrial tachyarrhythmia recurrence after last catheter ablation by CAAP-AF score: original classification divided by the score in the test cohort. 11 We observed a similar phenomenon in our cohort (Figure 1) . CART model is relatively easy to interpret as it can graphically present the results; it is thus an emerging method for risk stratification. 18 By using the CART model, we divided the patients into three categories: low-risk (the CAAP-AF score 0-5), intermediate-risk (score 6-8),
and high-risk (score 9-13) groups (Figure 3 ). Nearly 90% of the low-risk patients were AF-free at 2 years after the last ablation session, whereas F I G U R E 3 Atrial tachyarrhythmia-free survival after final AF catheter ablation based on the CAAP-AF score: New classification developed by machine learning. The patients were divided into subgroups by using the survival classification and regression tree (CART) model to best risk stratify them for atrial tachyarrhythmia recurrence is surely clinically relevant. Since AF catheter ablation is costly and has a risk of serious procedure-related complications, each patient's risk status based on the CAAP-AF score should be taken into consideration when the decision is made whether to perform catheter ablation for AF.
| LI M ITATI O N S
There are some limitations to this study. Compared to the original cohort, our sample size was relatively small. In addition, this study was a retrospective assessment, although the registration and systematic follow-up for catheter ablation at our hospital were the essential basis for the study analysis. Forty-two patients who had atrial tachyarrhythmia recurrence after the initial ablation did not undergo repeated sessions, which might have affected the results of the study since the primary endpoint of the study was the recurrence after the last session. The ablation strategy, a factor that may influence the outcome of catheter ablation especially in patients with LSPEF, is not accounted for in the CAAP-AF score. This may be a limitation of the original CAAP-AF score. Although we have developed a new risk stratification model using a CART analysis, the model has not been validated in another cohort.
| CON CLUS IONS
The CAAP-AF score can be used to stratify the risk of AF recurrence in patients undergoing the catheter ablation of AF. The patients can be divided into three groups: low risk (CAAP-AF score 0-5), intermediate risk (score 6-8), and high risk (score 9-13). The patient's risk status should be kept in mind when the decision is made regarding whether to perform catheter ablation for AF.
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